Abstract We report water column dissolved iron (dFe) and particulate iron (pFe) concentrations from 50 stations sampled across the Ross Sea during austral summer (January-February) of 2012. Concentrations of dFe and pFe were measured in each of the major Ross Sea water masses, including the Ice Shelf Water and off-shelf Circumpolar Deep Water. Despite significant lateral variations in hydrography, macronutrient depletion, and primary productivity across several different regions on the continental shelf, dFe concentrations were consistently low (<0.1 nM) in surface waters, with only a handful of stations showing elevated concentrations (0.20-0.45 nM) in areas of melting sea ice and near the Franklin Island platform. Across the study region, pFe associated with suspended biogenic material approximately doubled the inventory of bioavailable iron in surface waters. Our data reveal that the majority of the summertime iron inventory in the Ross Sea resides in dense shelf waters, with highest concentrations within 50 m of the seafloor. Higher dFe concentrations near the seafloor are accompanied by an increased contribution to pFe from authigenic and/or scavenged iron. Particulate manganese is also influenced by sediment resuspension near the seafloor but, unlike pFe, is increasingly associated with authigenic material higher in the water column. Together, these results suggest that following depletion of the dFe derived from wintertime convective mixing and sea ice melt, recycling of pFe in the upper water column plays an important role in sustaining the summertime phytoplankton bloom in the Ross Sea polynya.
Introduction
The highest rates of primary production in the Southern Ocean are concentrated around the Antarctic continental margin, where the seasonally ice-covered waters may provide important sinks for atmospheric CO 2 during summer and fall [Arrigo et al., 2008a [Arrigo et al., , 2008b Shadwick et al., 2014; Takahashi et al., 2009] . In some of these areas, as over much of the Southern Ocean, surface waters remain replete with macronutrients, and phytoplankton growth during the summer months, when irradiance is sufficient to sustain productivity, is likely regulated by the supply of dissolved iron (dFe), an essential micronutrient Martin et al., 1990; Sedwick et al., 2000; Sherrell et al., 2015; Smith et al., 2000] . As such, there is a need to identify the sources of dFe to surface waters over the Antarctic continental shelves in order to assess the sensitivity of the associated micronutrient supply and consequent primary production to the environmental changes that are expected to accompany a warming climate [e.g., Smith et al., 2012] .
These dFe sources are thought to include seafloor sediments and benthic detritus Marsay et al., 2014] , melting sea ice [Lannuzel et al., 2010; Schallenberg et al., 2016; Sedwick and DiTullio, 1997] , melting glacial ice and icebergs [Gerringa et al., 2012; Lin et al., 2011; Raiswell et al., 2006] , subglacial meltwaters [Death et al., 2014; Herraiz-Borreguero et al., 2016] , upwelling Circumpolar Deep Water [McGillicuddy et al., 2015; Pr ezelin et al., 2000; Sedwick et al., 2011] , and deposition of iron-bearing aerosols [Cassar et al., 2007; Edwards and Sedwick, 2001; Winton et al., 2014] . In addition, relatively high concentrations of particulate iron (pFe) have been measured in surface waters over the Antarctic continental shelves [Coale et al., 2005; Fitzwater et al., 2000; Planquette et al., 2013] , although the potential availability of this iron pool to phytoplankton, either directly or via conversion to dFe, remains to be established. Evidence from other oceanic regimes suggests that labile phases of pFe can significantly add to the bioavailable iron attributed to dFe concentrations [e.g., Brown et al., 2012; Milne et al., 2017] . The relative importance of the various dFe sources is likely to vary around the Antarctic margin due to differences in shelf topography, circulation, and glacial melt rates . For example, benthic sources are thought to dominate dFe supply to surface waters of the northern Antarctic Peninsula Wadley et al., 2014] , melting glacial ice appears to provide a major input of dFe to Amundsen Sea surface waters Gerringa et al., 2012] , whereas both benthic sources and sea ice melt provide important dFe inputs in the Ross Sea [Gerringa et al., 2015; Hatta et al., 2017; McGillicuddy et al., 2015] .
The Ross Sea continental shelf is among the most productive regions on the Antarctic margin. Satellitebased estimates suggest that it sustains an annual average primary production of around 20 Tg C, mostly occurring between November and February [Arrigo et al., 2008b; Smith et al., 2000 Smith et al., , 2012 . Water column iron measurements and shipboard bioassay experiments have demonstrated that low dFe concentrations (0.1 nM) limit phytoplankton growth rates in the Ross Sea over these summer months [Coale et al., 2003; Fitzwater et al., 2000; Martin et al., 1990 Martin et al., , 1991 Sedwick and DiTullio, 1997; Sedwick et al., 2000 Sedwick et al., , 2011 , which is thought to limit the magnitude of annual primary production in this region [Arrigo et al., 2003; Tagliabue and Arrigo, 2005] . As early as November, dFe supplied by winter convective mixing and sea ice melting can be drawn down to concentrations below 0.1 nM, as phytoplankton biomass accumulates in the southern Ross Sea polynya [Coale et al., 2005; Sedwick et al., 2011] . Despite this apparent early depletion of dFe, satellite data reveal that primary production continues through the mid to late summer [Arrigo et al., 2003] , which suggests that inputs of dFe to surface waters in the polynya continue during the latter part of the growing season [Gerringa et al., 2015; Kohut et al., 2017; Kustka et al., 2015; Marsay et al., 2014; Sedwick et al., 2011] .
In this paper, we consider data on the water column distributions of dissolved and particulate iron, based on samples collected during a shelf-wide survey of the Ross Sea in austral summer 2011-2012 as part of the project ''Processes Regulating Iron Supply at the Mesoscale'' (PRISM). A subset of this data has previously been presented by Marsay et al. [2014] to assess the benthic efflux of dFe on the Ross Sea shelf and by McGillicuddy et al. [2015] to estimate the seasonal supply of dFe to surface waters in this region. Here we take a broader view of the extensive dFe data set (water column samples from 50 stations), together with data for pFe, hydrography, and other field observations, in an effort to better understand the sources and transformations of iron over the Ross Sea continental shelf.
Methods

Sampling
All water samples and hydrographic data were collected on board the research vessel ice breaker (RVIB) Nathaniel B. Palmer during cruise NBP12-01, from 24 December 2011 to 8 February 2012 (Figure 1 ). Over 570 water column samples for trace element analysis were collected at 50 stations using Teflon-lined 5 L Niskin-X samplers (General Oceanics), custom-modified for trace metal sampling and deployed on a trace-metal clean carousel unit (SeaBird Electronics) using a Kevlar line. Subsamples for dFe analysis were processed within several hours of sample collection, using filtered N 2 gas overpressure (<10 psi) and filtering the seawater through prerinsed 0.2 mm pore AcroPak Fluorodyne II filter capsules (Pall) into acidcleaned 125 mL low-density polyethylene bottles (Nalgene). A subset of samples (n 5 254) were subsampled for pFe and other particulate elements by filtering 0.5-4.5 L from the Niskin bottles through paired 2 and 0.4 mm polycarbonate track-etch membranes (Nuclepore) in polypropylene holders, again using filtered-N 2 overpressure, to collect two particle size fractions. In addition, near-surface water samples (3 m depth) were collected while underway along four transects using a trace-metal clean towfish system, as described in Bruland et al. [2005] . Samples for dFe (n 5 73) and particulate trace metals (n 5 24) were collected directly from this underway system and filtered as above. All filtered samples for the measurement of dFe were acidified to pH 1.7 with 6 N Optima ultrapure hydrochloric acid (Fisher) while at sea. Filters of particulate material were rinsed with 1 mM NH 4 OH solution (pH 8) under pressure to reduce sea salt interferences during analysis, with the use of a pH 8 solution designed to minimize dissolution of labile particulate elements. All shipboard sample processing was carried out in a Class-100 clean van.
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Hydrographic data and water samples for ancillary measurements were collected at each station using separate deployments of an SBE 911plus conductivity-temperature-depth (CTD) sensor (SeaBird Electronics) fitted on a standard rosette with twenty-four 10 L Niskin bottles.
Analysis
Shore-based dFe measurements were made following the method of Sedwick et al. [2005 Sedwick et al. [ , 2011 , using flowinjection analysis with inline preconcentration of dFe on resin-immobilized 8-hydoxyquinoline followed by spectrophotometric detection [Measures et al., 1995] . Determinations of dFe concentrations in SAFe 
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seawater reference materials S and D2 [Johnson et al., 2007] Measurements of trace metals and phosphorus in particulate material were carried out by energydispersive X-ray fluorescence spectroscopy following the method described by Barrett et al. [2012] , with detection limits for pFe, pAl, pMn, and pP of 0.06, 1.27, 0.08, and 0.2 nM, respectively. Concentrations of dissolved inorganic nitrate plus nitrite (N1N), phosphate (DIP), and silicic acid (Si) were measured at sea using standard autoanalyser techniques, and chlorophyll a (Chl a) was determined using standard fluorometric methods [Knap et al., 1996] .
Results
The stations occupied during the PRISM cruise are shown in Figure 1 . 
Hydrography, Chlorophyll, and Nutrients
Figure 2 displays hydrographic data (temperature, salinity, and dissolved oxygen), N1N concentrations and Chl a concentrations from the PRISM study as a station-based section, with stations grouped together in the regions described above, and station number in each region increasing from left to right.
Off-shelf stations 1-3 provided an opportunity to sample the relatively warm, saline Circumpolar Deep Water (CDW) at depths of >300 m, which was also clearly defined by low dissolved oxygen concentrations ( Figure 2 ). In addition, these stations were situated offshore (station 1), within (station 2) and inshore (station 3) of a band of sea ice that spanned the northeastern perimeter of the Ross Sea Polynya at the time of our approach in early January. All three off-shelf stations were characterized by relatively low Chl a concentrations (0.33-1.16 mg L 21 ) and high macronutrient concentrations (26.1-29.3 mM N1N) in the surface mixed layer (Table 1) .
Over the continental shelf, the polynya was already extensive when our first stations were occupied, as is typical of the Ross Sea in January [Smith et al., 2012] . Most stations had experienced <10% sea ice coverage for several days prior to occupation, with notable exceptions being several stations near the Ross Ice Shelf and in the southwestern Ross Sea (supporting information Figure S1 ). Water temperatures on the shelf ranged from 22.1 to 12.58C, and salinity ranged from 32.8 to 34.8 (Figure 3 ), which are typical of the Ross Sea climatology [see Orsi and Wiederwohl, 2009, Figure 2] , and all six of the major Ross Sea water masses described by Orsi and Wiederwohl [2009] were sampled during this study ( Figure 3 and Table 2 ). Mixed layer depths, calculated by an increase in sigma-theta of 0.02 kg m 23 from surface values, ranged from 4 to 114 m, with a median depth of 22 m (Table 1) .
Compared to the off-shelf stations, stations 4-6 in the eastern Ross Sea were characterized by a warmer, more saline mixed layer, with lower macronutrient concentrations and higher Chl a concentrations (Table 1 and Figure 2 ). Surface waters at stations 4 and 6, both near the center of cyclonic eddies, were warmer (-0.2 to 10.28C), had elevated Chl a (6. (stations 101 and 101a), which still had partial ice cover when occupied (supporting information Figure S1 ). Mixed layer Chl a concentrations were again variable in the region, but typically lower than during the first visit ( Figure 2 ).
Stations sampled during transects across Ross Bank (stations 36-55) revealed some of the saltiest surface mixed layer waters encountered during the cruise, which cooled and freshened as the mixed layer deepened over a period of 6 days before being reoccupied (stations 72-78; Figure 2 ). Mixed layer N1N concentrations ranged from 17-24 mM and Chl a concentrations spanned 0.8-6.4 mg L 21 . In contrast, stations near the Ross Ice Shelf (stations 56-71) typically had deeper, fresher, and colder surface mixed layers, which were more depleted in macronutrient concentrations and exhibited some of the highest Chl a concentrations measured during our study [Li et al., 2017; Smith et al., 2017] Figure S3 ). These data agree with previous studies, in which dFe concentrations of <0.2 nM have been measured in Ross Sea surface waters [Coale et al., 2005; Fitzwater et al., 2000; Gerringa et al., 2015; Sedwick et al., 2000 Sedwick et al., , 2011 , and are not surprising given the mid to late summer timing of our cruise, by which time satellite-derived chlorophyll climatology shows that 2 months of intense primary production have typically occurred [Smith et al., 2012] . Such low dFe concentrations are generally considered to limit phytoplankton growth, and incubation experiments conducted during the PRISM cruise confirmed widespread iron-limited conditions [Ryan-Keogh et al., 2017] .
The generally uniform dFe distribution contrasts with macronutrient concentrations in AASW, which were much more variable in the upper 50 m (e.g., N1N panel in Figure 2 ), and measured dFe showed no strong relationships with macronutrient or chlorophyll a concentrations in surface waters (supporting information Figure S4 ), or with photosynthetic efficiency [Ryan-Keogh et al., 2017] . We ascribe this to spatial and temporal variations in the supply and removal of dFe and macronutrients, which are not necessarily coupled [McGillicuddy et al., 2015] .
For stations of at least 400 m depth, low dFe concentrations often persisted throughout the upper 100 m, before increasing deeper in the water column. However, at some stations, notably those near the Ross Ice Shelf and at some locations in the southwestern polynya, concentrations of 0.1 nM extended as deep as 200 m, likely as a result of the deeper mixed layers in those areas. In contrast, midwater dFe concentrations (100-300 m depth) were often higher at stations with seafloor depths less than 400 m, relative to stations in deeper water, although the elevated concentrations did not extend into the surface mixed layer ( Figure 4 ). The same was true for stations 102 and 116, despite being in relatively deep water, likely due to their relative proximity to shallow coastal waters. Station 10, in the center of a cyclonic eddy, also had slightly elevated dFe in the 200-600 m depth range compared to nearby stations (supporting information Figure S2 ; see section 4.1.3). The feature was less clear during a second survey of the eddy (station 29 versus stations 32 and 35).
A feature common to many of the dFe profiles is a large increase in concentrations near the seafloor, often resulting in pronounced vertical concentration gradients ( Figure 4 ). This has been occasionally observed in several previous studies of dFe in the Ross Sea, and attributed to the release of dissolved iron from sediment pore waters and/or resuspended benthic material [e.g., Gerringa et al., 2015; Hatta et al., 2017; Sedwick et al., 2011] . The near-seafloor dFe gradients observed during the PRISM cruise are discussed in detail by Marsay et al. [2014] .
3.3. Particulate Iron, Aluminum, Manganese, and Phosphorus Total pFe concentrations in the water column were always higher than dFe, ranging from 0.68 to 57.3 nM, with most samples in the 1-5 nM range ( Figure 5 ), and the pFe:dFe concentration ratio of water column samples averaged 28:1 (range 2.5:1-214:1, n 5 250). Particulate iron was typically dominated by the >2 mm (hereafter ''large'') size fraction (68% of total pFe on average), with concentrations of 0.37-47.0 nM, while 
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material in the 0.4-2.0 mm (hereafter ''small'') size fraction had pFe concentrations of 0.29-35.6 nM. Analysis of particulate material collected using the towfish showed near-surface pFe concentrations of 1.3-6.1 nM (mean 2.4 6 1.1 nM; supporting information Figure S3 ), and the same predominance of pFe in the large size class (72% of total pFe on average). 
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There have been fewer reported measurements of pFe in the Ross Sea than for dFe, although the pFe concentrations measured during the PRISM cruise fall within the wide range of previous measurements. 
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difference from iron measured in acidified filtered and unfiltered samples, with the latter assumed to include all pFe except that contained in refractory aluminosilicate particles.
The vertical distributions of total pFe were largely similar to dFe, with low concentrations (3.1 6 2.7 nM; n 5 103, including towfish samples) in the upper 50 m, and higher concentrations near the seafloor ( Figure 5 ), with this trend followed for both particulate size fractions (see supporting information Table S1 ). These distributions are consistent with previous data from the Ross Sea, for the small number of stations that have been sampled close to the seafloor [Coale et al., 2005; Fitzwater et al., 2000; Sedwick et al., 2011] . Vertical profiles often showed little variation in pFe over the middle water column, particularly for the small size fraction. However, some stations displayed subsurface pFe maxima in the upper 100 m, which were not seen in dFe profiles. These were particularly noticeable for stations 12 (18.7 nM pFe at 50 m depth) and 4 (16.0 nM at 30 m depth), although smaller maxima were present at stations 10, 19, and 95, among others ( Figure 5 ). In each case, the subsurface pFe maximum was located slightly below the chlorophyll fluorescence maximum, suggesting that the elevated pFe was associated with sinking phytoplankton biomass or organic detritus. However, this pFe maximum was not observed at all stations with high subsurface fluorescence; for example, stations 4 and 6 had similar subsurface fluorescence maxima, with only station 4 showing a corresponding maximum in pFe. This may simply reflect the limited resolution of the pFe measurements, both in terms of the number of stations sampled and the depths that were sampled at each station, or it may indicate that the pFe maxima are transient features modulated by episodic vertical export of particles.
The vertical distribution of particulate aluminum (pAl) tended to mirror pFe, with generally low surface concentrations (median 20.1 nM in the upper 50 m, n 5 103) and higher concentrations (up to 185 nM) near the seafloor (see supporting information Table S1 ), with occasional subsurface maxima observed (data not shown). Similarly, particulate manganese (pMn) concentrations varied from below detection limit (particularly in the small size fraction) in the upper water column to values near the seafloor averaging 0.63 6 0.37 nM (n 5 22), and as high as 1.4 nM (supporting information Table S1 ). Due to their similar distributions, there was a strong correlation between total pFe and total pAl (Spearman rank order correlation, r s 5 0.78, p < 0.001, n 5 242), and, despite many pMn concentrations in the small size class being below our limit of detection, the smaller data set of total pMn concentrations also showed strong correlations with both pFe (r s 5 0.67, p < 0.001, n 5 63) and pAl (r s 5 0.71, p < 0.001, n 5 63).
In contrast, particulate phosphorus (pP) typically showed a significant decrease with depth, from maximum concentrations of 10.8-404 nM (median 50.6 nM, n 5 101) in the upper 50 m, to lower and less variable concentrations of 5.4-42.0 nM (median 8.8 nM, n 5 58) below 200 m depth (supporting information Table S1 ), as expected for an essential nutrient element. Total pP showed a strong correlation with Chl a over the upper 200 m (r s 5 0.763, p < 0.001, n 5 120), driven by both parameters displaying variable concentrations in the upper 50 m, a decrease with depth and much less variability by 200 m.
Particulate Element Ratios
Elemental ratios of particulate material can be useful in determining composition of particles, in terms of lithogenic, biogenic and authigenic material. In this study, measured ratios of pP/pAl throughout the water column averaged 3.7 6 2.5 mol mol 21 and 1.4 6 1.8 mol mol 21 in the small and large fractions, respectively.
These values are substantially greater than the average ratio found in upper continental crust (UCC; 0.0075 mol mol 21 [Wedepohl, 1995] ), confirming the biogenic nature of most pP. The contrasting distributions in pP and pFe are evident from pFe/pP ratios, which increased with depth (Figures 6a and 6b and supporting information Table S1 ) from upper 50 m median values of 0.034 and 0.066 mol mol 21 in the small and large size fractions to median values of 0.52 and 10.3 mol mol 21 within 50 m of the seafloor. In general, the pFe/pP ratio of the large size fraction was greater than that of the small size fraction, and had the most dramatic increase toward the seafloor.
The ratio of pFe/pAl ranged from 0.07 to 0.65 mol mol 21 in the small size class, with a median of 0. [Wedepohl, 1995] and the Fe/Al ratio of Ross Sea surface sediments (0.24 mol mol 21 [Angino, 1966] ), In both size classes, pFe/pAl showed an increasing trend toward the seafloor (Figures 6c and 6d and supporting information Table S1 ). [Angino, 1966] . For both size fractions, values were close to surface sediment values near the seafloor. The small size fraction pMn/pAl displayed a clear increase with height above the bottom, though the trend was less clear for the large size fraction (supporting information Table S1 ).
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The pMn/pFe ratio was also generally enriched relative to both the UCC ratio of 0.017 mol mol 21 [Wedepohl, 1995] and the local surface sediment ratio of 0.039 mol mol 21 [Angino, 1966] (Figures 6e and 6f ). Our pMn/ pFe ratios ranged from 0.015 to 0.290 mol mol 21 (median 0.110 mol mol 21 ) in the small size fraction, and from 0.016 to 0.665 mol mol 21 (median 0.082 mol mol 21 ) in the large size fraction (supporting information Table S1 ). As for pMn/pAl, the values of pMn/pFe were typically closest to crustal and sediment ratios within 50 m of the seafloor and tended to increase higher in the water column.
4. Discussion
Iron Concentrations of the Major Ross Sea Water Masses
The Ross Sea is characterized by a surface inflow of cold, fresh Antarctic Surface Water (AASW) from the east, which forms dense, saline Shelf Water on the continental shelf with winter cooling and sea ice formation [Orsi and Wiederwohl, 2009] . Shelf Water (SW) is further classified by salinity as Low Salinity Shelf Water Figure 6 . Box and whisker plots for elemental molar ratios in particulate material from surface waters (upper 50 m) and within height intervals above the seafloor for all on-shelf stations: (a, b) pFe/pP in small and large size fractions, (c, d) pFe/pAl in small and large size fractions, and (e, f) pMn/pFe in small and large size fractions. Each box spans the 25th to 75th percentiles and is bisected by the median; ''whiskers'' cover the 10th to 90th percentiles; black dots represent the remaining data points. Long dash and short dash vertical lines in c-f represent corresponding global crustal average [Wedepohl, 1995] and Ross Sea surface sediment [Angino, 1966] [Orsi and Wiederwohl, 2009] . The poleward flow of MCDW follows local bathymetric features, notably the north-south trending troughs [Dinniman et al., 2011; Kohut et al., 2013] , and undergoes further mixing with AASW. On-shelf mixing of MCDW and SW produces Modified Shelf Water (MSW), a dense, transitional water mass that is warmer than SW.
In the following sections, we consider the water column distributions of dFe and pFe during the PRISM cruise in relation to the different water masses present. In doing so, we identify water masses following Orsi and Wiederwohl [2009] , by using neutral density (c n ) to distinguish CDW/MCDW from the upper layer AASW and from the lower layer SW/MSW. Further water mass definitions are described below. Our analysis indicates that much of the water column inventories of dFe and pFe reside within the dense shelf waters, with lowest dFe concentrations in AASW, despite some localized high concentrations. The ISW and CDW are both shown to be enriched in dFe but not pFe, relative to surface waters, while the MCDW has higher pFe but lower dFe than CDW. 4.1.1. Iron in Antarctic Surface Water Nearly half of the samples collected for dFe measurements during PRISM were from AASW, defined as having c n < 28.0 kg m 23 [Orsi and Wiederwohl, 2009] . This water mass accounted for the upper 100 m of the water column at the majority of stations (except at several in the southwestern Ross Sea), and sometimes extended as deep as 200-300 m (Figure 7a ). Unsurprisingly for waters that comprise the surface mixed layer, where biological uptake draws dFe down to subnanomolar concentrations, AASW had the lowest average dFe concentrations of the water masses sampled (0.10 6 0.07 nM, n 5 249; Table 2 ). Exceptions to this included waters above Pennell Bank, where AASW extended to the seafloor (0.2-0.25 nM at depths of 150-250 m), and surface waters at offshore stations 2 and 3, and stations 4-6 on the outer shelf (see below). The highest AASW dFe concentrations were measured at station 101 near Franklin Island (0.45 nM at 20 m depth; Figures 4 and 7a) , which is discussed in more detail in section 4.2.
The elevated near-surface dFe concentrations at stations 2 and 3 (0.3-0.4 nM at 10 m depth and 0.2 nM at 20 m depth; Figures 4 and 6a ) are most likely due to melting sea ice, which typically has dFe and pFe concentrations that are significantly higher than surface seawater [Lannuzel et al., 2007] . Station 2, occupied as we entered the Ross Sea, was located within a band of melting sea ice, and satellite imagery shows that station 3 had ice coverage in the days immediately prior to our occupation (supporting information Figure S1 ). At station 2, the surface dFe maximum was accompanied by a surface minimum in salinity. Macronutrient drawdown at both stations was small relative to other stations in the polynya, suggesting that the seasonal phytoplankton bloom had not yet developed. Therefore, as observed previously in the Ross Sea [Fitzwater et al., 2000; Sedwick and DiTullio, 1997; Sedwick et al., 2011] , this band of melting sea ice on the northern edge of the polynya appears to have provided a localized source of dFe, but not pFe (surface concentrations of pFe at stations 2 and 3 were no higher than at station 1; Figure 5 ).
Stations 4-6 also had elevated surface dFe concentrations (0.1-0.4 nM in the upper 20 m; Figures 4 and 7a) , and station 4 showed a large maximum in >2 mm pFe concentration just below the mixed layer (15.4 nM; Figure 5 ). These stations were located in two eddies that were propagating to the northeast, as indicated by underway XBT and ADCP surveys. Near the center of each eddy (stations 4 and 6), Chl a was elevated and mixed layer macronutrient concentrations were depleted, relative to off-shelf stations, yet dFe remained relatively high. In contrast to the vertical profile samples, dFe concentrations of near-surface underway samples collected near stations 4-6 were low (<0.1 nM; supporting information Figure S3 ), and similar to surface water dFe concentrations measured elsewhere during the study. This mismatch between towfish dFe and the unexpectedly high 10-30 m vertical profile dFe data remains an unexplained feature in our dataset, although the fact that elevated dFe is restricted to near-surface waters, similar to stations 2 and 3, suggests a sea ice source is most likely.
In the southwestern Ross Sea, stations 7, 10, 12, 29, and 32 also had partial or recent ice cover when they were sampled, although only station 7, close to the pack ice edge, showed an obvious surface salinity minimum (33.1-33.3 in the upper 10 m). None of these stations had dFe concentrations above 0.09 nM, although stations 10 and 12 both displayed high pFe concentrations in association with high Chl a. During our second visit to this area, stations 95 and 114-116, which were ice-covered during the first visit, each showed a salinity minimum (32.8-33.8) in the upper 20 m, consistent with recent melting of sea ice, but again, none of these stations had dFe concentrations above 0.08 nM in the upper 30 m. Thus, for all of the stations sampled in the southwestern Ross Sea, the proximity of melting sea ice was not associated with elevated dFe concentrations. However, high chlorophyll concentrations in this region, along with relatively low macronutrient concentrations (minimum N1N ranged from 6.8 to 17.3 mM) suggest that significant primary production had occurred prior to sampling, despite the recent sea ice cover, and this production may have already assimilated much of the dFe released from the melting sea ice. Another possible scenario, as discussed by Lannuzel et al. [2008] , is that the sea ice in the southwestern Ross Sea had previously warmed sufficiently to allow melting and brine drainage from its upper layers, thereby releasing much of the iceassociated dFe whilst ice cover remained.
Thus, although tracer modelling simulations suggest that dFe released from melting sea ice may satisfy as much as 35% of the annual biological iron demand in the Ross Sea [McGillicuddy et al., 2015] , we found only localized evidence of this Fe source to surface waters during our mid-summer study, consistent with most stations having been ice free for some time before sampling, and the rapid biological removal of sea ice derived iron as the polynya opens in the springtime [Sedwick et al., 2011] .
The AASW showed no significant enrichments in surface dFe concentrations at stations close to the Ross Ice Shelf, relative to those in the central polynya, despite reports of elevated dFe in waters adjacent to other Antarctic ice shelves [Gerringa et al., 2012; Sherrell et al., 2015] . Concentrations at stations 56-67 averaged 0.07 6 0.01 nM dFe in the upper 100 m, with a maximum of 0.11 nM (Figures 4 and 7a) . The surface mixed
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layer near the ice shelf was relatively cold and deep, with high Chl a concentrations and substantial macronutrient depletion (Figure 2 ), suggesting that any dFe released from melting glacial ice near the sea surface may have been diluted by vertical mixing and/or assimilated by phytoplankton. Consistent with this interpretation, pFe concentrations over the upper 100 m near the Ross Ice Shelf averaged 4.1 6 1.2 nM, which is slightly higher than the shelf-wide mean of 2.9 6 2.6 nM, although significantly less than pFe concentrations reported for waters near glacial ice shelves in the Amundsen Sea [Gerringa et al., 2012; Planquette et [2011] we distinguish between the two by defining CDW as water sampled north of the shelf break, with temperature >08C. Given the relatively high dFe concentrations previously reported for CDW [Klunder et al., 2011; Sedwick et al., 2011] , relative to Ross Sea surface waters, and the potential for MCDW to entrain iron from sediments as it flows over the shelf, it has been suggested that vertical mixing of MCDW provides episodic inputs of dFe to the euphotic zone during the growing season [Sedwick et al., 2011] . Using an end-member of dFe concentration of 0.27 nM for MCDW based on samples collected during PRISM, McGillicuddy et al. [2015] estimated that MCDW accounts for around 17% of the annual dFe supply to the Ross Sea surface waters.
The CDW was detected at all three off-shelf stations, at depths of below 300 m at stations 1 and 2 and below 420 m at station 3 (Figures 2 and 3) . Concentrations of dFe within this CDW endmember averaged 0.34 6 0.08 nM (n 5 16), which is slightly lower than the 0.47 nM measured further north of the shelf [Sedwick et al., 2011] and the average value of 0.5 nM reported for the Atlantic sector of the Southern Ocean [Klunder et al., 2011] , but is consistent with values of 0.33-0.34 nM dFe reported for CDW at an off-shelf station north of Joides Trough [Hatta et al., 2017] . Particulate iron concentrations in CDW were relatively low (1.6 6 0.5 nM; Table 2 ), presumably due to its off-shelf provenance and consequent low recent inputs of sedimentary or sinking biological material. The resulting relatively high contribution to total iron from dFe (18.7 6 4.0%, compared to the overall average of 6.6 6 5.3%) suggests that intrusions of CDW supply dFe, but little pFe, onto the Ross Sea shelf.
Of our three off-shelf stations, station 3, nearest the shelf, had notably higher CDW dFe concentrations (0.45 6 0.03 nM, n 5 5) than stations 1 and 2 (0.29 6 0.02 nM, n 5 11; Figure 7b ). Station 3 also had higher pFe concentrations in CDW, particularly in the large size fraction (1.5 6 0.4 nM at station 3, compared to 0.7 6 0.2 nM at stations 1 and 2), and the uppermost CDW and AASW at station 3 was also colder, fresher, and higher in dissolved oxygen than the stations further off-shelf. Together with the location of station 3 closer to the shelf break, this may indicate that, unlike at the two stations farther offshore, CDW sampled at station 3 had undergone significant interaction with shelf waters during circulation around the continental margin.
Some MCDW was detected at most of our on-shelf stations, usually over a narrow depth range. Its proximity to the surface ranged from 25 to 440 m depth (Figure 7b ). The warmest and most oxygen deficient MCDW was observed above Mawson Bank along two transects across the Joides Trough (Figure 2 ), consistent with this water being derived from CDW that had recently intruded on to the shelf and mixed with shelf waters [Dinniman et al., 2011; Kohut et al., 2013] . Above Mawson Bank, at stations 85 and 86, a thick and apparently well-mixed layer of MCDW extended from 150 m depth down to the crest of the bank (Figure 7b) , and displayed some of the highest dFe concentrations measured in MCDW (0.24-0.26 nM), along with pFe concentrations of 1.5-2.7 nM. In contrast, over Pennell Bank, MCDW was restricted to a much thinner layer over the western flank, which was not sampled for dFe, and AASW extended down to the crest (stations 79 and 92; see first and last stations of section F in Figure 7a ). Although the dFe concentrations above Pennell Bank at these two stations were similar to Mawson Bank (0.22-0.24 nM), pFe concentrations at station 79 were higher, increasing with depth from 2.7 nM at 130 m to 7.8 nM at 240 m. A similar contrast between water masses and iron distributions over these two banks in a previous study was attributed to the presence of MCDW over Mawson Bank increasing the near-bottom density gradient and reducing vertical mixing of sediments above the bank [Hatta et al., 2017] .
In the southwestern corner of the Ross Sea, water identified as MCDW was colder (-1.9 to 21.68C) and mostly confined to the upper 200 m. Here concentrations of dFe in MCDW were generally low relative to the CDW (0.14 6 0.06 nM; n 5 69), with the exception of six samples with MCDW characteristics collected (Figures 7c, 7e, and 7f) . Concentrations of dFe and pFe in SW were, on average, higher than those in MCDW, but showed greater variability, with ranges of 0.06-2.19 nM dFe and 0.93-57.3 nM pFe, likely reflecting localized benthic inputs of both dFe and pFe. The MSW (Figure 7c ) and LSSW (S < 34.62; Figure 7e ) had dFe and pFe concentrations comparable to MCDW, whereas the HSSW (S > 34.62; Figure 7f ), which accounted for near-bottom waters, including benthic nepheloid layers [Marsay et al., 2014] , had significantly higher concentrations of both dFe and pFe ( Table 2 ).
The dense HSSW, which is observed over much of the water column in the southwestern Ross Sea and in other deeper areas of the shelf, is exported offshore at the northwestern edge of the shelf [Padman et al., 2009] , and thus likely contributes both dFe and pFe to the Antarctic Bottom Water. Doming of the pycnocline associated with the core of a cyclonic eddy surveyed in the southwestern Ross Sea brought HSSW to within 150 m of the surface, compared to 300 m at a station on the edge of the eddy, and resulted in elevated dFe concentrations from 200 to 600 m depth (Figure 7f and supporting information Figure S2 ), demonstrating the potential of such mesoscale features to introduce iron into Ross Sea near-surface waters. The HSSW is also thought to represent a major source of iron to surface waters during deep convective mixing in the winter [McGillicuddy et al., 2015] .
Iron in Ice Shelf Water
The ISW is formed when waters flow under the Ross Ice Shelf, are cooled and freshened via the melting of basal ice, and then flow northward in plumes with a characteristic potential temperature of h < 21.958C [Orsi and Wiederwohl, 2009; Smethie and Jacobs, 2005] . As such, it has been suggested that the interaction with basal glacial ice may result in ISW being enriched in dFe and pFe, some of which may reach the euphotic zone in the polynya [Fitzwater et al., 2000; Herraiz-Borreguero et al., 2016; Sedwick et al., 2011] . However, recent model simulations of meltwater released from the Ross Ice Shelf suggest that glacial meltwater, including that carried in ISW, can account for only a small fraction of the dFe supplied to Ross Sea surface waters over an annual cycle [McGillicuddy et al., 2015] .
Stations 56-71 were occupied close to the Ross Ice Shelf between 177.88E and 178.88W, with the aim of sampling ISW that is advected northward from the ice shelf, and the defining temperature minimum was detected at various depths ranging between 205 and 628 m (Figure 2 ). Minor amounts of ISW were also identified at stations over the southern and eastern slopes of Ross Bank, and within the southwestern Ross Sea (Figure 7d ). Concentrations of dFe associated with the ISW were higher than in Ross Sea surface waters, at 0.13-0.36 nM (Figures 3 and 7d) , and represented subsurface maxima at 330-400 m depth in the dFe profiles of stations 58 and 62 (Figure 4) . However, the mean dFe concentration of ISW (0.24 6 0.07 nM) was statistically indistinguishable from non-ISW samples (typically HSSW) in the same depth range at on-shelf stations (0.19 6 0.10 nM, n 5 62; Figure 7f ). Concentrations of pFe in ISW were relatively low, averaging 2.7 6 1.5 nM, resulting in a relatively high contribution of dFe to total iron in ISW (10.6 6 3.5%; Table 2 ).
The Influence of Islands and Coastline
Away from the Antarctic continental shelf, some of the highest chlorophyll concentrations in the Southern Ocean are observed around island platforms such as Kerguelen, Crozet, and South Georgia, where seafloor sediments are much closer to the surface ocean. This ''island mass effect'' leads to elevated dFe concentrations in downstream surface waters, relative to the surrounding ocean [Blain et al., 2001; Korb and Whitehouse, 2004; Pollard et al., 2009] . We saw similarly elevated dFe concentrations in the Ross Sea at two stations close to Franklin Island (Figure 4 , stations 101 and 101a), each located 4 km southwest of the island and separated from each other by 1 km. The two stations had very different dFe concentration profiles compared to other stations on the shelf, with elevated dFe concentrations throughout the upper 100 m (0.20-0.50 nM). Moreover, the two profiles were also different from each other; the more northerly
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station 101 displayed an almost linear increase in dFe concentration with depth to the deepest sample collected (111 m, 13 m above the seafloor), whereas dFe concentrations at station 101a were more homogeneous, ranging from 0.42 to 0.48 nM, consistent with the less stratified water column evident from CTD data. Particulate iron concentrations were only measured at station 101a, with pFe below 20 m elevated relative to most other stations ( Figure 5 ).
Both stations were in partially ice-covered waters at the time of sampling, and while release of iron from melting sea ice may have contributed to the overall enhanced dFe concentrations, the lack of a specific dFe maximum in the fresher surface waters, combined with the shallow bathymetry, suggests a sedimentary iron source in each case. Gerringa et al. [2015] also collected samples near Franklin Island, noting a decrease in subsurface dFe concentrations along a west to east transect from the island, from which they estimated a horizontal dFe flux from the island platform. While no such transect was performed during the PRISM study, we note that the dFe profile at our station 102, located close to transect station 90 of Gerringa et al. [2015] , had a subsurface maximum of 0.17 nM at 70-100 m depth (Figure 4 ). This feature, which is absent from profiles further from the island, may represent an advective transport of dFe derived from sediments surrounding Franklin Island to nearby waters.
A similar enrichment in dFe was seen below 100 m depth at station 116 (Figure 4) , which was located in 575 m of water 30 km east of the coast of Victoria Land, and to a lesser extent at stations 115 and 114, progressively further offshore from the coast. Here the subsurface dFe profiles appear to be influenced by a combination of local seafloor sediment sources (evidenced by the 2.19 nM dFe concentration 16 m above the bottom at station 116) and sedimentary dFe advected from the nearby coastline (supported by the elevated concentrations in the 100-400 m depth range). The shallow coastal waters of Victoria Land and Ross Island, along with Franklin and Beaufort Islands, may thus represent important local sources of iron to the western Ross Sea during the summer months, in a similar way that shallow banks have been suggested as dFe sources on the Ross Sea shelf [Marsay et al., 2014] . The shoaling pycnocline associated with the eddy at station 10, and the corresponding elevated dFe concentrations at depth (see section 4.1.3), imply that such mesoscale features can potentially deliver iron from these coastal sources to surface waters within the polynya during the summer months.
The Nature of Particulate Iron in the Ross Sea
Particles are a key component of the biogeochemical cycling of iron in the ocean [Abadie et al., 2017; Boyd and Ellwood, 2010; Milne et al., 2017] , and in this study average concentrations of both small and large pFe were greater than dFe concentration at all depths (Figure 8b ). Particulate iron introduced to surface waters of the Antarctic shelf seas may include lithogenic material in atmospheric dust, sediments transported from the coast by drifting sea ice, and glacial debris released from icebergs and ice shelves [de Jong et al., 2013; Raiswell, 2011; Winton et al., 2014] . Some fraction of this lithogenic pFe may undergo dissolution in the euphotic zone and become available for biological uptake, while some may be directly accessed from the particulate phase [Boyd and Ellwood, 2010; Frew et al., 2006] , and biogenic pFe can also be recycled before sinking out of the upper ocean [Strzepek et al., 2005] . Iron can also be transformed from the dissolved to the particulate phase, via biological uptake, scavenging by particulate material, or formation of authigenic particles. Sinking particles carry pFe deeper into the water column, where remineralization and dissolution may release dFe, or additional dFe may be scavenged [Abadie et al., 2017; .
The relative importance of these processes influence both the depth profile of dFe and the ratio of dFe to macronutrients in subsurface waters [Boyd and Ellwood, 2010] . The distribution of different forms of pFe may therefore provide information concerning the importance of recycling versus the supply of new iron in supporting primary production. In this section, we characterize pFe in the Ross Sea by considering total pFe as the sum of biogenic (pFe bio ), lithogenic (pFe lith ), and authigenic and/or scavenged (pFe auth ) fractions, which are determined by considering the distribution of pFe in relation to particulate phosphorus and aluminum. We show that pFe bio concentrations in surface waters contribute significantly to the pool of biologically available iron and that pFe auth close to the seafloor may contribute to biologically available iron supplied to surface waters during wintertime convective mixing. We also compare the distributions of these pFe fractions to those for pMn, showing pMn auth to be distributed higher in the water column than pFe auth .
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Particulate Phosphorus and Biological Iron
The pFe/pP ratio in both size classes increases toward the seafloor (Figures 6a and 6b and supporting information Table S1 ). This is due to the main constraints on pP distribution being production of organic material in surface waters and remineralization below the euphotic zone, releasing dissolved phosphoruscontaining compounds, whereas pFe distribution is also affected by lithogenic and authigenic contributions. In addition, dFe released during remineralization of biogenic material may subsequently be scavenged back to the particulate phase by sinking particles or resuspended sediments. diatoms. Assuming that all pP is associated with cellular material, we use this range of values along with pP data to calculate the contribution made by pFe bio to total pFe. These calculations involve a number of caveats. First, we do not know the cellular Fe/P ratios for Phaeocystis antarctica, which is one of the most abundant phytoplankton in the Ross Sea. However, studies during PRISM suggest that despite its abundance, P. antarctica contributed a minor amount to carbon biomass relative to diatoms [Mosby and Smith, 2015] . Second, it is possible that pP, and therefore pFe bio , is underestimated due to losses of labile material during filtering and rinsing [Collier and Edmond, 1984; Twining et al., 2015] , although the use of small volumes of a rinse solution at a pH close to that of seawater was designed to minimize such loss. Third, the Fe/P ratios used represent intracellular values for living phytoplankton and may not account for all of the pFe associated with biogenic material in this study, as remineralization of this material results in cellular P being released into the dissolved phase while cellular iron may be rescavenged back onto particles. Thus, particularly in the upper 50 m, biologically available pFe may exceed the pFe bio values we have calculated.
Using this cellular pFe/pP range of 0. and 233% of the median dFe concentration, respectively (0.07 nM; Figure 8a ). This indicates that consideration of pFe bio significantly increases the pool of biologically available Fe in Ross Sea surface waters, assuming it is not lost from the mixed layer before it can be recycled.
Indeed, the rapid recycling of pFe bio in surface waters [Boyd and Ellwood, 2010; Strzepek et al., 2005] may help account for the continued high rates of primary production observed in the Ross Sea during summer, despite low dFe concentrations [Sedwick et al., 2011] . Although this scenario may seem at odds with the relatively high f ratio estimated for the Ross Sea [Asper and Smith, 1999] , the biological cycling of Fe should be distinguished from the cycling of N, which is used to define the f ratio [Boyd et al., 2017] . Conceivably, the cycling of Fe in the Ross Sea may instead be characterized by low ''fe'' ratios, (uptake of new iron/uptake of new and regenerated iron), similar to values estimated for high nutrient low chlorophyll waters during the FeCycle study . In addition, the particulate material collected during PRISM likely undersampled the larger (>10 mm) sinking particles that represent the greatest fraction of pFe exported from Ross Sea surface waters [Bochdansky et al., 2017; Frew et al., 2006; Smith et al., 2017] ; indirect evidence in support of this suggestion is described in section 4.3.2.
Using a 1.5 mmol mol 21 Fe/P ratio averaged for all Southern Ocean diatoms [Twining and Baines, 2013] , we calculated pFe bio to account for as much as 30% of total pFe in some surface water samples, thought it averaged 5.8 and 2.5% of small and large pFe inventories, respectively (Figure 8c ). The calculated contribution from pFe bio decreased with depth due to lower pP concentrations. From a bottom up perspective, the lowest contributions from pFe bio were within 50 m of the seafloor (<0.6% of total pFe in all cases).
Contrasting Distributions of Lithogenic and Authigenic pFe and pMn
Median concentrations of pFe, pAl, and pMn were all highest near the seafloor in both size fractions ( Figure 5 and supporting information Table S1 ), likely reflecting the significant influence of resuspended sediments for these elements. The similarity of measured pFe/pAl throughout the water column (Figures 6a  and 6b ) to average UCC and local sediment values suggests that much of the pFe in the water column was lithogenic material, consistent with the generally low contributions calculated for pFe bio . Surprisingly, pFe/pAl was lowest in the upper 50 m and generally increased with proximity to the seafloor (Figures 6c  and 6d and supporting information Table S1 ), reaching values that were enriched in iron relative to local surface sediments [Angino, 1966] . The lower pFe/pAl values in surface waters, including 60 measurements in each size fraction that were lower than crustal values (i.e., <0.19 mol mol 21 ) may indicate a biologically driven removal of some fraction of lithogenic pFe [Barrett et al., 2012; Johnson et al., 1997] . Alternatively, lower pFe/pAl ratios in the upper water column may result from uptake of dissolved Al and its incorporation within the structure of biogenic silica [Gehlen et al., 2002; Van Bennekom et al., 1991] .
The apparent presence of Fe-depleted particles stands in contrast to previous results from the Ross Sea [Coale et al., 2005] and around the Kerguelen Islands [van der Merwe et al., 2015] where pFe/pAl ratios were significantly elevated relative to crustal values. However, our data are consistent with previous speculation that high Fe/Al measured in sinking biogenic particles collected in the Ross Sea may be balanced by Fedepleted suspended lithogenic particles in the upper water column [Collier et al., 2000] , as well as the transformation of pFe lith to pFe bio in the surface mixed layer before settling, as proposed by Frew et al. [2006] .
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This, however, raises the question of why both small and large fractions of particulate material were found to be depleted in Fe in our study.
We suggest that this apparent shortage of Fe-enriched particles may be an artefact of the relatively small volumes of water that were filtered for particulate material (averaging 3.4 L), compared to larger volumes (50 to 2000 L) filtered by others [Coale et al., 2005; van der Merwe et al., 2015] . Filtration of small volumes can lead to undersampling of large, sinking biogenic particles that might otherwise contribute to high pFe/ pAl ratios. Additionally, the undersampling of large, fast-sinking particles when sampling from Niskin bottles and other samplers, in which the spigots are positioned 2-3 cm above the bottom of the sampler are well documented [e.g., Gardner, 1977] .
Assuming a lithogenic Fe/Al ratio of 0.19 mol mol 21 [Wedepohl, 1995] and that all measured pAl was lithogenic, our pAl data were used to calculate the contribution of lithogenic iron (pFe lith ) to pFe. Despite this limitation, our approach yields useful information concerning the distribution of pFe lith . In the upper 50 m, median concentrations of pFe lith were calculated to be 0.6 and 3.1 nM in the small and large fractions, respectively. These values correspond to 95 and 132% of total pFe in each size fraction, although these are clearly overestimates, as pFe bio must account for at least a small proportion of pFe in the euphotic zone (see section 4.3.1; Figure 8c ). Although concentrations of pAl, and therefore pFe lith , increased toward the seafloor, the Fe/Al also increased (supporting information Table S1 and Figure 6 ), resulting in the pFe lith contribution to total pFe generally decreasing, to only 63 and 54% of the small and large size pFe, respectively, within 50 m of the seafloor (Figure 8c ).
Thus, although lithogenic material contributes to the increased particle load in benthic nepheloid layers and can explain some of the increase in pFe concentration near the seafloor, it seems clear that authigenic and/or scavenged pFe becomes increasingly important closer to the seafloor. This is consistent with resuspension of authigenic Fe oxyhydroxides formed within the sediments and/or with scavenging onto the resuspended particles of elevated near-seafloor dFe concentrations, which in turn result from diffusion or other mobilization of the sediment pore waters into the water column [Marsay et al., 2014] . From the difference between measured pFe concentrations and estimates of pFe bio and pFe lith , we calculate that this pFe auth contributes 0-70% of total pFe across all samples. In the upper 50 m of the water column, the median contribution of pFe auth was calculated as zero, though this is likely to be an underestimate, given the depleted pFe/pAl ratios in near surface waters and resulting overestimation of pFe lith (see above). The pFe auth contribution was greatest close to the seafloor (median values of 37 and 46% for small and large pFe, respectively; Figure 8c ). Recent studies have highlighted the importance of labile pFe phases in buffering dFe concentrations through reversible exchange [John et al., 2017; Milne et al., 2017] . Thus, any mobilization of this deep pFe auth to the upper water column during deep, wintertime convective mixing could potentially provide an additional input of bioavailable iron at the start of the growing season.
Unlike pFe/pAl, measured pMn/pAl ratios were lowest within 50 m of the seafloor, where they were close to sedimentary values (supporting information Table S1 ). As with pFe, we estimated the lithogenic contribution to total pMn (pMn lith ) by multiplying pAl concentrations by the crustal Mn/Al molar ratio of 3.3 3 10 23 [Wedepohl, 1995] . Our calculations suggest that the pMn lith contribution to pMn was much less than was the case for Fe, averaging only 12% (range 5-65%), and 18% (range 5-100%) in the small and large size fractions, respectively. The remaining pMn is presumed to be mostly authigenic, although a small contribution may come from pMn in biogenic material, which was calculated using a cellular Mn/P ratio for Southern Ocean diatoms of 5 3 10 24 mol mol 21 [Twining and Baines, 2013] and our pP data.
Unlike pFe lith , the proportion of pMn lith was greatest within 50 m of the seafloor (Figure 8e ) and decreased with distance above the seafloor. As with pFe lith , our pMn lith estimates are very sensitive to the choice of Mn/Al for lithogenic material. And similarly, any scavenging of dissolved Al by particles or biogenic contribution to pAl is likely to result in an overestimate of the lithogenic fraction of pMn. Nevertheless, these
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estimates reveal an apparent trend toward an increase in the relative proportion of authigenic pMn (pMn auth ), in both size fractions, with increased height above the seafloor.
The increase in contribution from pMn auth (and pMn/pAl) with height above the seafloor (Figure 8e ) may reflect a greater fraction of pMn higher in the water column being formed via bacterially mediated oxidation of dissolved Mn(II) to MnO 2 [Tebo et al., 2004] . As would be expected for this scenario, the impact is most pronounced in the small size fraction (supporting information Table S1 ). Nearer the seafloor, the greater concentration of resuspended sedimentary material in nepheloid layers increases both pMn and pAl concentrations and drives pMn/pAl ratios closer to sedimentary values. A similar pattern of higher pMn/ pAl ratios with height above the seafloor was reported by Planquette et al. [2013] for the Amundsen Sea. [1987] have demonstrated that the mucus surrounding Phaeocystis colonies can also promote oxidation and precipitation of Mn(II), which would also be expected to increase pMn/pAl ratios in the large size fraction in surface waters. Evidence of this process is not seen in our data (supporting information Table S1 ), which may reflect the relatively low pMn concentrations measured, or again represent an artefact due to the undersampling of large (>10 mm) biogenic particles, which would include P. antarctica colonies. However, we note that the Mn/Al ratios of particulate material collected by in situ pumps near Kerguelen Island by van der Merwe et al.
Davidson and Marchant
[2015] also showed no Mn enrichment.
Our calculations suggest that distributions of both pFe and pMn in the Ross Sea water column appear to be influenced by an authigenic and/or scavenged component. This contribution seems to be more important for the inventory of pMn than for pFe, as revealed by the calculated average contributions of authigenic pMn and pFe to totals (85 versus 17%, respectively; Figure 8 ). Furthermore, the distributions of pMn auth and pFe auth are different. The relative proportion of pFe auth is greatest near the seafloor, and likely dominated by resuspension of authigenic pFe in the sediments and by scavenging of dFe released from sediment pore water into the water column during resuspension of material. In contrast, the relative proportion of pMn auth is greatest higher in the water column, away from the influence of resuspended sedimentary pMn. These differences are evident in the pMn/pFe distribution, which increases with height above the seafloor from values close to local surface sediments (0.039 mol mol 21 [Angino, 1966] ) to average values >0.1 mol mol 21 in both size fractions in the upper 50 m (supporting information Table S1 ).
Conclusions
The distribution of dFe over the Ross Sea shelf during the PRISM project is consistent with the results of previous studies, showing widespread low concentrations (0.1 nM) of this essential micronutrient in surface waters during midsummer. Only a small number of stations in or near shallower water, or near areas of melting sea ice showed surface dFe concentrations >0.1 nM. However, not all areas of recent sea ice melt showed elevated dFe concentrations, suggesting rapid uptake of ice-derived dFe during bloom conditions and/or release of dFe prior to complete melting of the seasonal pack ice. An apparent decrease in the dFe concentration in MCDW as it moves further onto the shelf and shoals suggests that mixing with overlying waters may constitute a modest supply of dFe to the euphotic zone, as has been suggested by previous field observations [Sedwick et al., 2011] and numerical modelling [Dinniman et al., 2011] .
The PRISM cruise was able to collect samples for dFe and pFe analysis that are representative of all major water mass types in the Ross Sea [Orsi and Wiederwohl, 2009] , identifying potential end-member dFe concentrations for two proposed sources in CDW and ISW. We show that during mid-summer a large proportion of the water column dFe inventory is associated with deep, dense shelf waters, which highlights the importance of winter convective overturn in supplying dFe to the euphotic zone for the following growing season [see, e.g., McGillicuddy et al., 2015] . Our results also point to the potential importance of mesoscale features in transporting dFe in deeper waters to the euphotic zone during the summer months.
Our results highlight the potential significance of recycled iron in fueling phytoplankton production in the Ross Sea polynya over the mid to late summer. Measured pFe concentrations were always greater than those of dFe, and we suggest that biogenic pFe represents a pool of biologically available iron that is comparable in concentration to dFe in Ross Sea surface waters, despite our likely undersampling of larger, Ferich particles.
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Elevated concentrations of dFe and particulate Fe, Al, and Mn in association with benthic nepheloid layers highlight the likely influence of sediment resuspension and release of sedimentary pore fluids on the vertical distributions of these elements. Lithogenic material appears to account for most of the pFe throughout the water column, with an increasing contribution from authigenic or scavenged iron toward the seafloor. In contrast, the relative authigenic contribution to pMn becomes more important as concentrations decrease with height above the seafloor, highlighting differences in biogeochemistry between the two elements.
